Abstract. Iron contamination from scrapped materials is always a problem in producing high quality secondary aluminium alloys. Consequently, the iron removal during recycling of aluminium alloys is essential and important in industrial practice. This work aims to study the effect of extra Mn addition on the effectiveness and efficiency of iron removal during recycling. The thermodynamics assessment was carried out for Al-Si-Cu alloys to find out the variation of balanced iron and manganese in the liquid melt and in the sediment solid Fe-rich intermetallics with different levels of extra Mn addition. The effect of alloy composition and processing temperatures was investigated. The findings help to understand the capability and fundamentals of iron removal in aluminium alloys.
Introduction
Aluminium is the leading metal in a number of industrial sectors such as aeronautics, automotive, packaging, construction & energy. Compared to other high volume materials, aluminium production has one of the largest energy differences between primary and secondary productions: 186 MJ/kg for primary compared to 10-20 MJ/kg for secondary, which means that only 5% of the energy is needed for recycling of aluminium alloys [1] . Therefore, recycling is a major sustainable approach to continue the use of aluminium because of the enormous benefits in energy resilience manufacturing and the cost saving of products. As a result, the application of secondary materials is increasingly attractive for manufacturing such as transport because lightweighting is an important consideration. Currently, more than a third of all the aluminium produced globally originates from traded materials and scraped materials. In addition to the obvious economic dimension, growing environmental concerns and heightened social responsibility for the last ten years have served to boost recycling activity of aluminium alloys in order to conserve resources and to avoid littering. However, although the recycled aluminium can be utilised for almost all aluminium applications, the accumulation of impurities in the recycled materials provides a significant and long-term compositional barrier to maintain the aluminium alloys within required range. The problematic impurities are different for various aluminium alloys, but it is always associated with iron because of the easy picking up during manufacturing [2] . Therefore, the key problem associated with the accumulation of unwanted elements in the recycled material is to reduce or diminish iron levels in aluminium alloys.
There is a variety of solutions to deal with the iron removal from aluminium melt during recycling; each presents a trade-off between cost and improvement in scrap utilisation (or recycling) potential [3] . A common solution used in industry today is to form related intermetallics with subsequent sediment in alloy melt [3] . Therefore, metal recycling is essentially a metallurgical process and it is a compositionally determined cap to recycling rates. This is governed by the laws of thermodynamics. However, aluminium presents a high degree of difficulty in the removal of tramp elements due to thermodynamic barriers. In order to mitigate the detrimental effects of element accumulation, the effectiveness and efficiency are important in operational strategies. Therefore, it is necessary to have a thermodynamic assessment in order to identify the effective strategies throughout the production process to mitigate the elemental accumulation within contaminated secondary materials.
This study intends to identify more precisely for the expected ranges of compositions of the recycled metal before and after recycling. The study was carried out to explore the effect of adding extra manganese into melt to promote the formation of Fe-rich intermetallics, which can be eventually separated from the melt during recycling. The balanced Fe and Mn concentration in the alloy melt after the formation of intermetallics is assessed in order to obtain the required concentration in the recycled materials.
Methodology
The investigation was focused on the thermodynamics evaluation using the PanAl database in Pandat software [4] to understand the solidification behaviour and compound formation at different contents of Mn and Fe in the Al-Si-Cu alloy. The COST507 thermodynamic database [5] was used for constituent alloy systems and the α-AlFeMnSi and β-AlFeSi phases were treated as a stoichiometric phase during the modelling. The composition of the LM 24 is given in Table 1 . The minor and low levels of elements were not considered in the calculation. All the compositions and solid fractions were given in weight percentage (wt-%) unless otherwise stated. Phase Formation with Increased Mn Content. The calculated equilibrium phase diagram on the cross section of Al-9Si-4Cu-3Zn with varied Mn and Fe contents is shown in Fig. 1 . It was seen that the calculated equilibrium phase diagram could be divided into several regions with different levels of Fe contents. When the Mn addition was at 0.5wt-%, the phase formation during solidification could be described as:
(a) L→ α-AlFeMnSi+ α -Al+ θ-AlCu at Fe<1.1 wt-% (b) L→α-AlFeMnSi+ β-AlFeSi+ α-Al+ θ-AlCu at Fe>1.1 wt-%. In both cases, α-AlFeMnSi phase was the prior phase, although the subsequent transformation would form different types of phases.
When the Mn content was increased to a higher level at 1.0 wt-%, the solidification process showed no change in terms of phase formation. It was seen that the α-AlFeMnSi phase was still prior phase, but its formation range was enlarged to 1.7wt-%Fe, representing an increase of 55% in comparison with the alloy with 0.5wt-%Mn. This was further confirmed by the increase of Mn content to 2.0 wt-% and 3.0wt-%, the solidification could also be divided into two areas. The prior α-AlFeMnSi phase was formed when Fe was below 2.6wt-% in Fig. 1c . It is clear that the increase of Mn content in the alloy was able to promote the formation of α-AlFeMnSi phase with increased Fe content. This revealed that the formation of β-AlFeSi phase in the as-cast microstructure was also significantly affected by the Mn content, which started from 1.1 wt-%Fe when Mn was at 0.5 wt-% and 2.6 wt-% Fe when Mn was at 2.0 wt-% in the experimental alloys.
In Fig. 1 , it was seen that Mn increased the area of forming α-AlFeMnSi intermetallic compound in the alloy. The liquidus temperature of forming α-AlFeMnSi phase was moved to higher temperatures for the alloy with increased Mn content, which revealed that the addition of Mn increased the liquidus temperature of the alloy. It was also seen that the Fe content to form β-AlFeSi phase was raised to higher values with increased Mn content in the alloy. Therefore, the processing window to form α-AlFeMnSi phase was significantly enlarged with the increase of Mn content in the alloy. In the meantime, it was seen that the addition of Mn reduced the equilibrium concentration of Fe in the liquid melt of aluminium alloy. This was important for industrial application as it revealed that the Fe content in the melt could be controlled through the addition of Mn into the alloy melt. These provided the fundamentals for the iron removal in aluminium alloys. The relations between Fe content and Mn content in the Al-Si-Cu alloy can be seen from Fig. 2 . In
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The 15th International Conference on Aluminium Alloys order to form α-AlFeMnSi phase, the Mn and Fe should satisfy a ratio in the alloy. With different Fe contents, the Mn content was required to maintain a certain level to form α-AlFeMnSi phase in the alloy. The solidification process can be understood from Fig. 3 for the variation of phase fraction during cooling. Clearly, Mn increased the precipitation temperature and the volume fraction of prior α-AlFeMnSi phase, but it did not change the eutectic temperature as the temperature and volume fraction was shown at the same level for Si precipitation. A significant change was the disappearance of β-AlFeSi phase in Fig.3 , which was transferred to α-AlFeMnSi phase due to the increase of Mn content in the alloy. A further improvement could be seen when Mn/Fe was at 2:1. From these calculations, it was confirmed that the increase of Mn/Fe ratios resulted in a significant decrease of Fe content in the liquid phase of the alloy when it was maintained at a temperature between the liquidus and solidus. Therefore, the Fe content in the liquid could be controlled by adjusting the Mn/Fe ratios and temperatures in practical operation. It should be emphasised that the addition of Mn into the melt should be mainly controlled by the remnant content in the melt because of the defined limitation of alloy specification. If the Mn content was over the limitation, it would cause secondary contamination and other problems even the Fe was within the requirement after processing. In the meantime, it should be carefully controlled the different variables for iron removal as it was a complex and problematic process. 3 Si 2 compound and β-AlFeSi is always referred as Al 5 FeSi phase. Because of the difference in constituent, the Fe content is 17wt-% in the Al 15 (Fe,Mn) 3 Si 2 phase and 27wt-% in the Al 5 FeSi phase. Therefore, the formation of β-AlFeSi can consume more Fe in the melt and provide better efficiency. However, the balanced Fe concentration after forming β-AlFeSi is much higher than that of forming α-AlFeMnSi phase in the melt. This means that the remained Fe in the melt will be at a higher level if forming β-AlFeSi. Therefore, it is not applicable if the low Fe content in the melt is essentially required in the recycled alloys. However, this can be practically useful if the final Fe content is required at relatively high level.
When Mn is added into the alloy as a naturalisation element to form α-AlFeMnSi intermetallics, the actual Fe content in the alloy should be considered because the excessive Mn addition in the Al alloy will promote the formation of Al-Mn intermetallics, for example Al 6 Mn and AlMnSi [6] . These intermetallics are not able to consume Fe in the alloy. Therefore it needs to be avoided. In general, the amount of extra Mn addition should be selected to form Al 15 (Fe,Mn) 3 Si 2 compound, rather than Al-Mn and other Fe-free intermetallics.
Conclusions
The phase diagrams, phase fractions and balanced concentration in the melt of an Al-Si-Cu system were thermodynamically analysed using the CALPHAD method in order to understand the effectiveness and efficiency of iron removal mechanism. The main conclusions are:
The CALPHAD calculation suggests that extra Mn addition can effectively form α-AlFeMnSi intermetallics with increased Fe content in the alloy, which is capable of maintaining a relatively low level of Fe content in the melt. Therefore, extra Mn addition is an active approach to remove Fe in the alloy. The remained Fe content in the alloy melt can be controlled by the Mn content and the processing temperature of forming α-AlFeMnSi intermetallics. The higher the Mn content and the lower the holding temperature, the lower the Fe content in the remained melt. However, the remained Mn in the melt should be controlled within the requirement of defined specification. Meanwhile, the formation of Al 6 Mn and AlMnSi intermetallics should be avoided after adding Mn because they consume Mn and Si without decreasing Fe in the alloy.
